The mode I interlaminar fracture of Kevlar thread stitched.GFRP laminates has been studied using double-cantilever-beam (DCB) tests. It was found that stitching density and patterns influence interlaminar fracture performance of composites mainly through the different failure mechanisms of stitch threads during crack propagation.
In the past decade, glass fibre reinforced plastics (GFRP) have achieved the most popular application among the current composite materials, being widely used in aerospace, marine, electrical engineering and infrastructure due to its low cost and good performance. E glass fibre is also the greatest potential candidate for automobile structural applications, based on optimal combination of cost and performance. However GFRP must satisfy the fatigue (durability), toughness (energy absorption) and stiffuess (vehicle dynamics) requirements for an automobile. Some previous studies indicated that an integrated 3-D complex structure will enable the composites to meet the requirements1. Therefore, in recent years, various technologies of throughthickness reinforcement have emerged, such as stitching and knittinf. This letter describes some preliminary results on the effect of stitching on delamination resistance ofGFRP laminates. The main objectives of this study are: 1) to study the effects of stitching density on delamination resistance, and 2) to investigate the dependence of delamination resistance on stitching pattern.
The as-received GFRP laminates, supplied by Aeronautical and Maritime Research Laboratory, Australia, are made from a poly (vinyl ester) matrix and E glass fibres through resin transfer moulding. The laminates consist of E glass 0°/90°plain woven fabric of 600g/m 2 and chopped strand mat of 300g/m 2 in alternating sequence. Some laminates were stitched with K40 Kevlar® thread in parallel rows along the 0°d irection of the woven roving plies, with an average stitching density of 2.8 and 3.8/cm 2 respectively. The consolidated laminates have an average thickness of 6 mm, and the fibre volume fraction amounts to 0.43, determined from a thermal gravity test.
The double-cantilever-beam (DCB) interlaminar fracture test method was applied to determine the delamination resistance. The specimens were cut either parallel or transverse to the stitching direction listed in Table 1 . A precrack was introduced in the mid-plane at one end of the specimen using a saw blade of 0.2 mm in thickness, followed by sharpening with a razor blade. Two aluminum loading tabs were attached to the specimen using a high strength adhesive for convenience of loading. Corrections on large deformation are applied according to ASTM D 5528-94a. All tests were conducted on an Instron 5567 at a cross-head rate of 1 mm/min. A travelling microscope was used to observe crack growth behaviour in the specimen.
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Vol5 No 11996 From the experiments, it is found that the crack propagation behaviour in the five types of specimens is quite different to each other. Their typical load -deflection curves for a crack growth of 55 mm from the precrack are shown in Figure 1 . 
Figure 1 Typical load -displacement curves for delamination growth in various laminates
Bridging by Kevlar threads and fibre bundle peeling of chopped strand mat occurred at the crack wake. The bridges were continuously formed and broken. For the low stitch density laminates, crack jumping occurred very frequently. When the stitch density was increased, crack growth became stable. The crack growth resistance versus crack extension (R-curve) for PT specimens (average from four specimens) is shown in Figure 2 .
ISSN 0963-6935 6 @ Woodhead Publishing Ltd It can be clearly seen that Grc rises quickly from the precrack and levels off to a plateau value. This phenomenon has been observed for all unstitched and stitched specimens. In addition, the value of Grc for onset of crack growth from the precrack is almost a constant and independent of stitching, if the precrack tip does not coincide with the stitching fibre thread. A comparison of the average Grc values (plateau values) for delamination length larger than 20 mm is shown in Figure 3 for the five types of laminates.
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It is clear that stitching increases the interlaminar fracture toughness. When the stitching density is low, the stitch direction has no clear influence on crack growth resistance. But when densely stitched, parallel stitching (PD specimens) produces somewhat higher resistance to delamination than transverse stitching (VD specimens).
Further analyses of the fracture surfaces illustrated that there were basically two kinds of thread rupture during crack propagation. For PT, VT and VD specimens, thread ruptures took place at the crack surfaces without significant pull-out from the laminates as shown in Figure 4 (a). In this case, the broken ends of threads are clear with characteristics of abrupt rupture. However, nearly all stitching threads of PD specimens have been pulled out before rupture, Figure 4 (b). This mechanism dissipates more energy, producing higher interlaminar fracture toughness. In summary, the effects of stitching direction and density on mode I interlaminar fracture of stitched GFRP laminates have been studied using double-cantilever-beam (DCB) tests. It is found that stitching clearly enhances the interlaminar fracture toughness of the composites, and stitching density and patterns influence interlaminar fracture performance of the composites mainly through different failure mechanisms of stitch threads during crack propagation.
